54 Fe( − → d , p) 55 Fe was studied at the Munich Q3D spectrograph with a 14 MeV polarized deuteron beam. Excitation energies, angular distributions and analyzing powers were measured for 39 states up to 4.5 MeV excitation energy. Spin and parity assignments were made and spectroscopic factors deduced by comparison to DWBA calculations. The results were compared to predictions by large scale shell model calculations in the full pf-shell and it was found that reasonable agreement for energies and spectroscopic factors below 2.5 MeV could only be obtained if up to 6 particles were allowed to be excited from the f 7/2 orbital into p 3/2 , f 5/2 , and p 1/2 orbitals across the N = 28 gap. For levels above 2.5 MeV the experimental strength distribution was found to be significantly more fragmented than predicted by the shell model calculations.
Introduction
In the simplest spherical shell model approach the N = Z = 28 nucleus 56 Ni has the properties of a doubly-magic core. However, evidence for the softness of the 56 Ni core has been obtained experimentally [1] and theoretically [2] . With the availability of more computing power and the development of the new effective interaction GXPF1 for the pf-shell [3] core excitations were found to play a significant role in the structure of nuclei in the vicinity of 56 Ni [4] . Experimental evidence for the crucial role of cross-shell excitations for the yrast spectra was, for example, reported in 58 Cu [5] . The stability of the magic number 28 is also of astrophysical importance, e.g. for the electron capture rates in supernova explosions (see e.g. Ref. [6] ).
The current paper reports on a precision study of the excited states of 55 Fe using the 54 Fe( − → d , p) 55 Fe reaction. While this reaction has been performed several times in the past [7, 8, 9] , those studies had limited energy resolution and sensitivity and therefore, spectroscopic factors and definite spin assignments were obtained only for a limited number of excited states. Those previous results were typically compared to shell model calculations that assumed a good 56 Ni core and thus the sensitivity to crossshell excitations was not tested. The excellent energy resolution and sensitivity of the Munich Q3D magnetic spectrograph used in this study enabled the discovery of several new states and the determination of spins for a number of known states. For many states spectroscopic factors were determined for the first time. The data are compared to the results of large scale shell model calculations using the GXPF1 effective interaction. Reasonable agreement for energies and spectroscopic factors was achieved for states up to about 2.5 MeV when at least 6-particle 6-hole (6p-6h) excitations across the N=28 shell gap were taken into account, while the experimental results could not be satisfactory reproduced if less than six particles are promoted across the shell gap. Thus, the results of our study clearly demonstrate the importance of 56 Ni core excitations for 54 Fe and 55 Fe.
Experimental Details
The 54 Fe( − → d , p) 55 Fe reaction was studied by bombarding a 100µg/cm 2 thick 94.6% isotopically enriched self supporting 54 Fe target with polarized deuterons from a SternGerlach polarized ion source [10] and accelerated to 14
MeV by the MLL 1 MP-Tandem Van de Graaff accelerator. The reaction products were analyzed with the Munich Q3D spectrograph [11] and then detected in a 1 m long cathode strip focal-plane detector [12, 13] with ∆E-E rest particle identification and position determination. The acceptance solid angle of the spectrograph was 11.7 msr (horizontaly 54 mrad), except for the most forward angle (5 • ) where it was 5.7 msr. Typical beam currents were around 0.5 µA on target.
Spectra were measured at 8 angles between 5
• and 40
• in 5
• steps plus one measurement at 50
• . For each angle six spectra were collected, for 3 different magnetic settings, covering the excitation energy range from 0 to ≈4.5 MeV and for spin-up and spin-down polarization of the deuteron beam, respectively. Figure 1 shows Q3D spectra for those settings taken at an angle of 30
• . The overall FWHM energy resolution was around 7 keV, being mostly determined by the target thickness. The spectra were essentially background free. All runs were normalized to the beam current integrated by a Faraday cup placed behind the target. The spectra were calibrated by using the energies of those states in 55 Fe that were known to better than 1 keV [8] . In the energy range from 3.0 to 4.5 MeV only three levels with sufficient energy are known at 3072.0, 3108.7, 3552.3 keV. However, as will be discussed below, there are four energy peaks previously assigned to 55 Fe excitation energies at 3285, 3860, 4123, and 4372 keV which actually result from the contaminant reaction 56 Fe(d,p) 57 Fe present in this energy range, enabling an accurate energy calibration.
Differential reaction cross-sections for each angle were obtained by averaging the cross-sections obtained for spinup ( dσ dΩ ↑) or spin-down ( dσ dΩ ↓) polarized beam. In addition to determine angular distributions, the polarized beam with a polarization of p = 0.65 enabled calculating the analyzing power at each angle using the relation
Results
In total 39 levels in 55 Fe were observed in the energy range from 0 to 4450 keV, of which 6 levels are observed for the first time. For the other levels various amounts of information were available ranging from only the energy, a tentative or firm spin assignment to spectroscopic factors in some cases.
For [16] . Three different sets of optical model parameters were used, which are summarized in table 1.
The non-locality parameter β for the particles mentioned in tab. 1 is taken from Ref. [19] . The finite-range (R) parameters for the (d,p) reaction was set to zero since it was not used in Refs. [8] and [9] . Including it in the calculations didn't significantly change the results.
Spectroscopic factors S can be determined by dividing the experimental cross-section σ (Exp.) by those obtained theoretically from DWBA calculations σ (DWBA) with CHUCK3:
55 and the analyzing power Ay for 55 Fe levels with ∆l = 1 and J π = 1/2 − . Curves indicate the DWBA calculations by CHUCK3 using the three different sets of OM-potentials from Refs. [18] (full curve), [9] (dotted curve) and [17] (dashed curve).
In our case, S was determined by a χ 2 fit to the angular distributions.
The agreement of calculated angular distributions and analyzing powers with the experimental data is quite satisfactory for the different sets of optical model parameters. One may argue that the description based on the parameters of Ref. [9] is slightly inferior. Tables 2 and 3 summarize the results for all observed levels in 55 Fe. The excitation energies for those known levels that have uncertainties of less than 1 keV in Ref. [8] agreed for most states within less than 0.5 keV with the exceptions of the 2051.7 (4) keV, 2577.7(4) keV, and 3072.0(4) keV states for which energies of 2050.1(5) keV, 2579.2(5) keV and 3070.2(5) keV were measured in this work, respectively. Above 3.1 MeV we estimate the uncertainties of the measured energies to be 2 keV.
In total, 19 previous spin assignments could be confirmed and for six levels (2872, 3107, 3308, 3777, 3804, 4043 keV) with tentative or several possible spin assignments a firm spin and parity assignment could be made. For seven known levels (3354, 3655, 3716, 4019, 4117, 4134, 4372 keV) spin and parity were determined for the first time while seven levels (2332, 2504, 3576, 3827, 3939, 4260, 4292 keV) were newly observed. It was possible to obtain spectroscopic factors for all 39 observed levels, which are also listed in tables 2 and 3. The uncertainties given for the spectroscopic factors in tables 2 and 3 refer to the standard deviation of the three spectroscopic factor values obtained for the different optical model parameters.
As can be easily seen, the S-values for the different optical model parameters differ only slightly. However, the cross sections may contain additional systematic uncertainties on the order of 10-20% mainly due to uncertainties in the target thickness. The absolute spectroscopic factors obtained in this work generally compare favorably with those previously reported [8, 9] . If relative spectroscopic factors are considered, the agreement is even better. Hereafter, the assignments for those levels will be discussed, for which the relation to known levels is not clear or where the assignment found in this work is in conflict with previous assignments.
The 2212 keV level: This level has a spin and parity assignment of J π = the DWBA calculations for ∆l = 5 and fig.  10 is not really satisfactory. However, the measured cross section is less than 0.005 mb and multi-step processes may be important in this case.
The 3070 keV level: There is a 3072.0(4) keV state known with J π = 11 2
, established from gamma-ray spectroscopy [20, 21] . The measured angular distribution is rather flat, indicating a large angular momentum transfer and the analyzing power shows reasonable agreement with the J π = 11 2 − assignment. However, also in this case the level is populated very weakly and it is not possible to exclude multi-step processes. Therefore, a definite spin and parity assignment can not be made on the basis of the present data.
The 3354 keV J π =
2
− level: We associate this level with the 3362(10) keV level previously observed in the (d,p) study of Ref. [15] . reaction. In Ref. [8] this level is associated also with the 3661(10) keV level observed in (d,p) [15] . No spin and parity assignment was made for this level in either study. However, we do not observe a level at 3661 keV but rather at 3655(2) keV. Therefore, we suggest that there are two levels, one at 3660.8(11) keV and one at 3655(2) keV. The 3716 keV J π =
− level: A state at 3722(10) keV has been previously observed in (d,p) [8] but no J π was assigned. We associate the 3716(2) keV level from this work with this state.
The 3777 keV J π = Table  1 .
Optical-Model parameters for deuteron (D1 [18] ,D2 [9] ,D3 [17] ), proton (p) [18] and neutron (n) [18] [8] and absolute spectroscopic factors SLit. are given. The uncertainties in the spectroscopic factors reflect the standard deviation of the three values over which was averaged. New levels are indicated with an asterix. The uncertainties given for spectroscopic factors do not include additional systematic uncertainties of the cross-sections on the order of 10-20% mainly due to uncertainties in the target thickness. [8] c) Ref. [9] d) Ref. [28] at 4057(10) keV with the energy from [15] and a spectroscopic factor resulting from the averaged value of Refs. [7, 28] . However, Ref. [7] reports this ( − level: We associate this level with the previously observed level at 4110(10) keV [8] .
The 4134 keV J π =
− level: We associate this level with the previously observed level at 4123(10) keV [8] .
The 4372 keV J π = ( 
Discussion
The main aim of the current study was to investigate the role of cross-shell excitations for the N = 28 shell gap in 55 Fe. For this purpose we have performed large scale shell model calculations using the code ANTOINE [27] and employing the GXFP1 effective interaction [3, 4] which was adjusted to the tremendous number of experimental data available for the pf-shell nuclei. The calculations were performed in the full pf-shell (i.e., f 7/2 , p 3/2 , f 5/2 , and p 1/2 single-particle orbitals), with up to n = 6 particles allowed to be excited from the f 7/2 orbital to the p 3/2 , p 1/2 , and f 5/2 orbitals. Thus the 15-body wave function of 55 Fe, corresponding to the space of valence nucleons, is a superposition of the (f 7/2 ) (14−k) (p 3/2 p 1/2 f 5/2 ) 1+k components, where k is running from 0 (no cross-shell excitation) to n = 6. We have found that the agreement of the calculated level energies and spectroscopic factors with the experimental data improves with increasing n and the n = 6 approximation (6p-6h) yields a reasonably good description of the experimental data. the spectroscopic factors for each n were calculated using the wave-function of the shell-model calculations for the same n. In this case the ground state of 55 Fe contains only 57% of the wave function of the k = 0 configuration. Also for all excited states the k = 0 configuration is always less than 60%. It is interesting to note that the first excited − ground state amounts to 0.87 in the n = 0 case and reduces to 0.62 for n = 6, which is considerably closer to the experimental value of S = 0.49(1). − levels the plotted spectroscopic factors are increased by a factor of 10 in order to enhance their visibility. We note that the agreement with the n = 6 calculations is quite good, while the calculations based on an assumption of an inert N = 28 core (n = 0) fail to reproduce the experimental spectrum and spectroscopic factors even for the lowest states. − levels up to an excitation energy of 5 MeV are compared in Fig. 12 . We note that the agreement is very good below about 3 MeV for most spins. However, for the
− states we observe already 3 levels more than we have obtained in the shell model calculation. Furthermore, the experimental strength is strongly fragmented already in the vicinity of 2.3 MeV. For other spin values we observe significantly more states and stronger fragmentation only above 3 MeV, with the exception of the J π = 1 2 − states. The above comparison clearly indicates that crossshell excitations play an important role for the spectra and spectroscopic properties of low-lying states in 55 Fe. Furthermore, to describe the experimentally observed density of states below 4-5 MeV one would need to go beyond the 6p-6h approximation adopted here and include higher npnh excitations. − levels.
Summary
In a high resolution study of the reaction 54 Fe( − → d , p) 55 Fe 39 levels were observed. On the basis of angular distributions and asymmetries firm spin and parity assignments could be made for all but 2 states, for which firm assignments were already available from previous studies. It was possible to observe eight new states and prove that five states previously assigned to 55 Fe were actually states in 57 Fe. For a number of known states energies could be determined with improved accuracy and spins were assigned for the first time. Spectroscopic factors were determined for all observed states. The results were compared with large scale shell model calculations using the GXPF1 effective interaction and good agreement was found up to 2 MeV when up to 6p-6h excitations across the N = 28 shell were included, clearly establishing the significant role of cross-shell excitations in 54 Fe and 55 Fe. The observed larger number of levels and stronger fragmentation of the spectroscopic strength above 2.5 MeV in comparison to shell model results indicate that more many-body crossshell degrees of freedom need to be taken into account to describe the experimental data obtained in this work.
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